Visual acuity is directly correlated with the eye\'s structural integrity, especially that of the cornea, which is the outer ocular layer. The human cornea is an avascular tissue composed of three layers (epithelium, stroma, and endothelium) separated by two membranes (Bowman membrane and Descemet layer). The cornea is crucial for light refraction to the retina and accounts for three-quarters of the total eye refractive power. However, its anterior localization in the eye means that it must maintain its transparency. Moreover, its integrity is essential because it also constitutes the first barrier against pathogen infections of the ocular surface.[@bib1]^--^[@bib4] However, the anatomical localization of the cornea also exposes it to chemical, thermic, and mechanical injuries leading, in some cases, to anatomical loss of the eye.

Reconstruction of the injured corneal surface, particularly the epithelium, is a multifactorial process regulated by cellular mechanisms involving signaling molecules (alarmins, growth factors, and cytokines) released from the remnant epithelium and stromal cells. Overall, the corneal wound healing machinery involves different dynamic processes, beginning with inflammation (including tissue debridement and dynamic changes in cellular adhesion), followed by reepithelialization (including cellular migration and proliferation), and ending with global tissue remodeling. These cellular and molecular steps require careful regulation, coordination, and control.[@bib5]^--^[@bib8] Depending on the gravity of the corneal injury, different clinical strategies are proposed, ranging from drug treatments that control inflammation and enhance reepithelialization to the use of amniotic patches in more severe cases.[@bib9]^--^[@bib14]

A better molecular understanding of the different steps in corneal wound healing is still needed. In this context, the receptor for advanced glycation end products (RAGE), identified in 1992 by Neeper et al., is a target of interest because of its involvement in the control of gene transcription during inflammation and reepithelialization processes.[@bib15]^,^[@bib16] One recently published paper demonstrated involvement of the RAGE membrane receptor in corneal injury, as RAGE^−/−^ mice showed delayed corneal wound healing.[@bib17] This membrane receptor is a multiligand receptor of the immunoglobulin superfamily, and it binds alarmins. The first types of alarmins is the advanced glycation end products (AGEs) formed by the nonenzymatic reaction of reducing carbohydrates with lysine side chains and N terminal amino groups of macromolecules (amino acids, proteins, phospholipids, and nucleic acids) and called Maillard reaction. Beside AGEs, HMGB1 (high mobility group box 1) or S100 proteins (S100A8, S100A9, S100A12, S100B), for example, are also considered as alarmins and so RAGE ligands.[@bib18]^--^[@bib21] Activation of the RAGE, in turn, induces the activation of multiple intracellular signaling pathways (such as MAPK, ERK 1/2, JAK/STAT, JNK, Rho-GTPase, and nuclear factor \[NF\]-κB), which can modulate inflammatory and reepithelialization processes through several mechanisms, including control of cytokine and chemokine release, cell--cell adhesion, and production of matrix metalloproteases and cytoskeletal proteins.[@bib22]^,^[@bib23]

Involvement of the RAGE in wound healing has been best documented by studies on the HMGB1 ligand, which is involved in cellular and tissue processes involving keratinocytes, fibroblasts, alveolar epithelium, and skin through its promotion of cell migration and extracellular matrix dynamics.[@bib24]^--^[@bib29] The importance of HMGB1--RAGE binding in healing processes has been confirmed by the use of a blocking antibody, resulting in a loss of the wound healing induced by this ligand.[@bib24]^,^[@bib26]^,^[@bib29] The involvement of signaling pathways activated by the RAGE has also been confirmed by the use of pharmacological inhibitors.[@bib24]^--^[@bib26]^,^[@bib29]^,^[@bib30] The involvement of the RAGE in wound healing has been demonstrated in numerous tissues; nevertheless, little is known about its activation by different ligands in corneal wound healing. In the present study, we used an in vitro scratch assay model, different chemical forms of HMGB1 (totally oxidized, totally reduced, or a mixture of each), and various AGEs (obtained by the Maillard reaction) to investigate corneal cell wound healing. We demonstrated that HMGB1 (irrespective of chemical form) has no effect, as previously demonstrated for this ligand when used as a mixture of its different forms.[@bib17] By contrast, AGEs had a positive influence on cornea epithelial cell wound healing by promoting cell migration, without affecting cell proliferation or invasion. We also demonstrated activation of the NF-κB pathway and the induction of gene expression of the connexin 43 (Cx43) target gene following AGEs treatment.

Methods {#sec2}
=======

Reagents and Antibodies {#sec2-1}
-----------------------

Cell culture media, cell transfection opti-MEM (1x) medium, epithelial growth factor (PHG0311), fetal bovine serum (FBS), antibiotics (streptomycin, penicillin, and amphotericin B), and PBS were obtained from Fisher Scientific (Illkirch, France). Dimethyl sulfoxide (D2650), insulin (I9278), Triton (X100), Tween 20 (P9416), and cholera toxin (C8052) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). HMGB1 (SRP6265, a mixture of different forms) was obtained from Sigma-Aldrich, HMGB1 in reduced form (HM-131) was obtained from HMGBiotech (Milano, Italia), and AGEs (ab51995, obtained by reaction between BSA and glycolaldehyde) were purchased from Abcam (Paris, France). SuperScript IV First-Strand Synthesis System, *Taq* DNA Polymerase recombinant (10342020), Pierce BCA Protein Assay Kit (23225), Lipofectamine 3000 Transfection Reagent (L3000008), and Lipofectamine RNAiMAX Transfection Reagent (13778150) were purchased from Fisher Scientific. LightCycler 480 SYBR Green I Master (04887352001) was provided by Roche (Meylan, France). Anti-RAGE (ab37647) and anti-Connexin 43 (C6219) rabbit polyclonal primary antibodies for immunofluorescence were obtained from Abcam and Sigma-Aldrich. Donkey anti-rabbit-Alexa488 (A21206) fluorescent-coupled secondary antibody was purchased from Fisher Scientific. Anti-RAGE (sc365154) and anti-connexin 43 (sc271837) mouse monoclonal primary antibodies used for western blotting were purchased from Santa Cruz (Heidelberg, Germany). Horseradish peroxidase-coupled secondary goat-anti-mouse antibody (BI2413C) was provided by Abliance (Compiègne, France) and Hoechst (bisBenzimide H 33258) was obtained from Sigma-Aldrich.

Cell Culture {#sec2-2}
------------

Human corneal epithelial cells (HCE) transformed with Ad12-SV40[@bib31] were from ATCC (ref: CRL11135). (HCE) cell line was cultured under standard conditions (5% CO~2~, 95% humidified air, 37°C) in DMEM-F12+GlutaMAX I supplemented with 10% FBS, 5 µg/mL insulin, 0.1 µg/mL cholera toxin, 10 mg/mL streptomycin, 10,000 U/mL penicillin, 25 µg/mL amphotericin B, 10 ng/mL epithelial growth factor, and 0.5% dimethyl sulfoxide.

In Vitro Model of Corneal Wound Healing (Scratch Assay) {#sec2-3}
-------------------------------------------------------

Confluent HCE cells cultivated in four-well plates (Fisher Scientific) were manually scraped with a 200-µL pipette tip. After three washes with PBS (1×), wounded cells were either left untreated (control) or treated with RAGE ligands: AGEs (10--200 µg/mL), HMGB1 (1--100 ng/mL, mix of different forms), and HMGB1 blocked in reduced form (100 ng/mL). Ligands were added in the medium described previously, without FBS, every 24 hours for 48 hours. Wound images were obtained every 12 hours for 48 hours by light microscopy (Zeiss Axio Observer) using a 5× objective, and the wound areas were measured using ImageJ software.[@bib32] This experiment was repeated five times (each condition in duplicate).

Cell Invasion Assay {#sec2-4}
-------------------

Cell invasion was assessed with the CytoSelect 24-well cell migration assay (CBA-101-C; 8 µm Fluorometric format; Biolabs, London, UK). At 36 hours after scratch wounding, the HCE cells were suspended in a serum-free medium and placed in the upper chamber containing the same treatment as the scratch assay experiment (100 µg/mL AGEs). A 500 µL volume of chemoattractant media containing 10% FBS was then added to the lower chamber. After a 24-hour incubation, cells that had passed through the membrane (8 µm pore size) were then dislodged with a detachment solution. Dislodged cells were stained with CyQuant GR Dye (Fisher Scientific) diluted in lysis buffer and quantified by fluorescence measurement at 480 to 520 nm. This experiment was repeated three times (each condition in triplicate).

Cell Proliferation Assay {#sec2-5}
------------------------

At 36 hours after scratch wounding, cells were stained with 5-Bromo-2′-deoxy-uridine (BrdU) using a BrdU Labeling and Detection Kit II (11299964001; Roche Diagnostics). Briefly, HCE cells were incubated with BrdU (10 µM) for 45 minutes, washed 3 times with PBS, and then fixed with an ethanol fixative solution (50 mM glycine, pH 2, in 70% ethanol) for 20 minutes at -20°C. After 3 washes in PBS, cells were incubated with an anti-BrdU antibody (1/25) for 60 minutes at 37°C. Cells were washed 3 times with PBS, followed by incubation with an anti-mouse-Ig-alkaline phosphatase (1/25) for 60 minutes at 37°C. The color substrate solution was added to the cells after three washes in PBS, and the bound anti-BrdU antibody was visualized by light microscopy (Zeiss Axio Observer). Proliferation was expressed as the ratio of BrdU-positive cells to the total number of cells. This experiment was repeated three times (each condition in duplicate).

Small Interfering RNA Transfection of HCE Cells {#sec2-6}
-----------------------------------------------

For scratch assay experiments, RAGE expression was depleted in HCE cells using small interfering RNA (siRNA). HCE cells at 60% to 80% confluence in 4-well dishes were transfected for 36 hours with 100 nM commercial siRNA against the RAGE (M-003625-02; Dharmacon, Lafayette, LA, USA) or with 100 nM of a nonspecific/scrambled siRNA (siRNA control; D-001206-14; Dharmacon) in 187.5 µL opti-MEM (1×) medium mixed with 11.25 µL Lipofectamine RNAiMAX Reagent in 187.5 µL of opti-MEM (1×). Each condition was analyzed as previously described in the "scratch assay" section. For quantitative RT-quantitative PCR experiments, RAGE expression was depleted in 60% to 80% confluent HCE cells plated in 6-well plates by transient transfection for 36 hours with 100 nM of a commercial siRNA against the RAGE or of a nonspecific siRNA in 125 µL of opti-MEM (1×) medium mixed with 7.5 µL of Lipofectamine RNAiMAX reagent in 125 µL of opti-MEM (1×).

RAGE Overexpression Transfection {#sec2-7}
--------------------------------

HCE cells seeded in 6-well plates were transiently transfected for 24 hours to overexpress the RAGE. Cells were transfected with 1 µg RAGE expression vector (RG204664; Origene, Herford, Germany) in the presence of 125 µL opti-MEM 1× and 5 µL p3000 reagent, mixed with 3.75 µL Lipofectamine 3000 reagent in 125 µL of opti-MEM (1×).

NF-κB Luciferase Assay {#sec2-8}
----------------------

HCE cells at 60% to 80% confluence were seeded in 6-well plates and tested for NF-κB transcriptional activity with a luciferase assay. Cells overexpressing RAGE (as previously described) were transiently transfected with 50 ng pRL-TK-Luciferase *Renilla* vector (Promega, Charbonnières-les-Bains, France), 0.5 µg human pGL4-Luciferase Firefly vector containing NF-κB response element (219077; Agilent, Les Ulis, France), and 200 ng pMEKK (Agilent) in the positive control condition, as already described. After 6 hours of incubation, the medium was changed to complete DMEM/F12, and the cells were either left in medium (untreated) or treated for 45 minutes with AGEs (100 µg/mL). Untreated cells served as control. The cells were lysed in lysis buffer for 15 minutes before the Dual-Luciferase reporter assay (E1910, Promega) was performed, according to the manufacturer\'s instructions. Results were presented as the ratio between the luminescence of luciferase Firefly and Renilla. Experiments were repeated four times for positive controls and five times for AGEs treatments (each experiment in duplicate).

Quantitative RT-PCR and PCR Experiments {#sec2-9}
---------------------------------------

Total RNA was extracted from cell cultures using the RNeasyMini Kit (QIAGEN, Courtaboeuf, France), and cDNA was synthesized by reverse transcription from 1 µg of RNA using a SuperScript IV First-Strand Synthesis System for RT-PCR, according to the manufacturer\'s protocol. PCR reactions were assessed using Taq DNA polymerase, and quantitative RT-PCR reactions were performed (after scratch assay experiments) using LightCycler 480 SYBR Green I Master mix. Transcripts were quantified independently two times for five experiments of AGEs treatment and for six independent experiments for specific silencing of the RAGE; results were normalized using the geometric means of two housekeeping genes (acidic ribosomal phosphoprotein P0 \[RPLP0\] and ribosomal protein 17 \[RPS17\]). Primers used for PCR and qPCR are detailed in the [Table](#tbl1){ref-type="table"}. All steps were followed in accordance with the MIQE guidelines.[@bib33] Results are expressed as the ratio between AGEs treatment conditions and the untreated group.

###### 

Sequences of Oligonucleotides Used for RT-PCR and RT-quantitative PCR

                Sequence (5′-3′)                                       
  ------------- ------------------------ ----------------------- ----- -------------
  Human Cx43    AGACAGGTCTGAGTGCCTGAAC   TCCAGCAGTTGAGTAGGCTTG    175   NM_000165.4
  Human RAGE    TGTGCTGATCCTCCCTGAGA     TGCAGTTGGCCCCTCCTCG      139   NM_001136.4
  Human RPLP0   AGGCTTTAGGTATCACCACT     GCAGAGTTTCCTCTGTGATA     219   NM_001002.3
  Human RPS17   TGCGAGGAGATCGCCATTATC    AAGGCTGAGACCTCAGGAAC     169    NM_001021

Immunofluorescence Experiments {#sec2-10}
------------------------------

Immunofluorescence experiments were performed on cryosections (8 µm) of human corneas and on HCE cells. Cells were fixed with paraformaldehyde (4% in PBS) and then washed with PBS 1x. Corneal tissue was rehydrated in PBS 1x for 10 minutes. Saturation and permeabilization were performed for 2 hours in PBS containing 10% FBS and 0.1% Triton for HCE cells and PBS containing 4% BSA and 0.2% Triton X-100 for tissues, followed by incubation at 4°C overnight with a rabbit polyclonal anti-RAGE antibody (1/100 for cells and 1/40 for tissues) or rabbit polyclonal anti-Connexin 43 antibody (1/100) diluted in the previously mentioned buffer. For experiments of Cx43 labelling during scratch assay, the incubation of the primary antibody was done 12 hours after the scratch realization. Negative control samples were prepared without primary antibody incubation. After 3 washes in PBS, the cells/tissues were incubated with a goat anti-rabbit antibody conjugated to Alexa488 (1/500) diluted in saturation/permeabilization buffer for 2 hours. Nuclear DNA was detected by incubating the cells/tissue with Hoechst (1/10,000) for 10 minutes at room temperature. The slides were washed three times and examined with a fluorescence microscope (Zeiss-LSM800).

Protein Extraction and Western Blotting {#sec2-11}
---------------------------------------

After scraping and centrifugation at 3,000 rpm, HCE cell pellets were washed in PBS. For RAGE western blots, proteins were extracted using RIPA extraction buffer containing a mixture of protease inhibitors (04693159001; Roche). For Cx43 western blots, protein was extracted using the Plasma Membrane Protein Extraction Kit (Biovision, Clinisciences, Nanterre, France) containing the same mixture of protease inhibitors. A 150-µL volume of the kit buffer was added to the pellet, and the mixture was then vortex mixed and placed on ice for 30 minutes. Samples were centrifuged for 10 minutes at 2,600 rpm and 4°C to eliminate cells debris, followed by a second 30-minute centrifugation of the supernatant at 9,700 rpm and 4°C to separate the membranous and cytosolic fractions. Pellets were resuspended in 20 µL of the kit buffer, and both fractions were frozen at -20°C. The protein concentration was determined using a BCA protein assay kit. Samples were denatured in a loading buffer containing 3% β-mercaptoethanol at 100 °C for 5 minutes and separated (40 µg of total protein per well) on 4% to 15% Mini-PROTEAN TGX Stain Free Gels (BIO-RAD, Marnes-la-Coquette, France). After electrophoresis, proteins were transferred onto nitrocellulose membranes using a semi-dry transfer cell (TransBlot Turbo Transfer System, 1704150; Trans Blot Turbo RTA Midi Transfer Kit Nitrocellulose, BIO-RAD). Nonspecific sites were blocked for 1.5 hours with Tris-buffered saline (TBS) containing 5% nonfat dry milk (blocking solution), then incubated overnight at 4°C with mouse anti-RAGE (1/600), and mouse anti-connexin 43 (1/200) antibodies in blocking solution containing 0.1% Tween 20 (hybridization solution). The membrane, rinsed 3 times with TBS 0.1% Tween 20, was incubated for 2 hours at room temperature with a horseradish peroxidase anti-mouse conjugated secondary antibody (1/5,000) in hybridization solution. After a wash in TBS-0.1% Tween 20, the membrane peroxidase activity was assayed by enhanced chemiluminescence (Clarity Western ECL Substrate, BIO-RAD). The relative intensities of protein bands were analyzed using Image Lab software (BIO-RAD), and the results were presented as a ratio between the protein of interest and the total protein on the same blot. Results are expressed as the means of five independent experiments.

Statistics {#sec2-12}
----------

The data were expressed as means ± SEM and were arrived at by calculating the average of duplicates or triplicates of independent experiments. After a first nonparametric ANOVA analysis, and when this one is significant, comparison of means was then performed by a nonparametric test (Mann-Whitney) using GraphPad PRISM software (GraphPad Software Inc.). For all studies, values were considered significantly different at \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.

Results {#sec3}
=======

HCE Wound Healing Promoted by the "Coupled Ligand/RAGE Receptor" is Ligand Dependent {#sec3-1}
------------------------------------------------------------------------------------

We tested the influence of HMGB1 on wound healing in corneal epithelial cells by examining the usual dose response (1 to 100 ng/mL) of different forms of HMGB1. As illustrated in [Figure 1](#fig1){ref-type="fig"}A (left and right panels), incubation with 100 ng/mL HMGB1 had no effect on wound healing at any dose tested (1 to 100 ng/mL). As the HMGB1 redox state is known to modulate the protein activity (its reduced form, in particular, showing chemoattractant activity), we tested different HMGB1 forms.[@bib34] No effect was observed with either the reduced or the blocked forms of HMGB1 (data not shown). Conversely, scratch assays conducted with AGEs treatment gave varying results. No effect was obtained with concentrations of 10 or 200 µg/mL ([Fig. 1](#fig1){ref-type="fig"}B left and right panels), whereas a concentration of 100 µg/mL clearly showed a positive effect when compared with the untreated control cells. As shown in [Figure 1](#fig1){ref-type="fig"}C (left and right panels), this difference became significant from 12 hours to the end of the scratching test (i.e., 48 hours).

![Involvement of the coupled RAGE ligand/receptor in human corneal epithelial (HCE) cell wound healing. Representative images of scratch assays performed on HCE cells (left panel) treated with HMGB1 (high mobility group box 1, 100 ng/mL) (**A**) or AGEs (advanced glycation end products) (10/100/200 µg/mL) **(B,** **C**). Percentage of residual wound area (right panel) after treatment with HMGB1 (100 ng/mL) (**A**) or AGEs (10/100/200 µg/mL) (**B,** **C**), compared with 0 hours and standardized to the untreated condition (100%) (n = 5 experiments, each conducted in duplicate). (**D**) Representative images of scratch assays performed on HCE cells transiently transfected with siRNA against RAGE (siRNA RAGE) or siRNA control (Scramble) (100 nM) for 36 hours and then treated with AGEs (100 µg/mL) (left panel). Percentage of the residual wound area of HCE cells transfected with siRNA against RAGE (100 nM) for 36 hours and then treated with AGEs (100 µg/mL), compared with 0 h (right panel) (n = 5 experiments, each conducted in duplicate). Each bar graph shows mean ± SEM. Mann-Whitney test after a nonparametric ANOVA analysis; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.005; ns: not significant.](iovs-61-3-14-f001){#fig1}

We confirmed that the promotion of HCE wound healing triggered by AGEs ligands was RAGE-specific by transfecting HCE cells with siRNA against the RAGE. We observed a 40% decrease in RAGE expression after 36 hours ([Supplementary data S1](#iovs-61-3-14_s001){ref-type="supplementary-material"}), which was sufficient to reduce the positive action of AGEs treatment on wound healing ([Fig. 1](#fig1){ref-type="fig"}D, left and right panels). This decrease in wound healing became significant by 12 hours, where residual wound areas were 2.32 times smaller than in cells transfected with siRNA against the RAGE (73.6% vs. 31.8% of wound healing). At 24 hours, this value was still 18.3% of the residual wound area for cells transfected with siRNA against the RAGE, whereas the scratch wound had totally closed in cells transfected with scrambled siRNA ([Fig. 1](#fig1){ref-type="fig"}D, right panel).

Characterization of the RAGE Pathway and its Functionality in HCE Cells {#sec3-2}
-----------------------------------------------------------------------

We confirmed the expression of RAGE mRNA by PCR in human cornea tissues, corneal epithelial cells, and the HCE cell line ([Fig. 2](#fig2){ref-type="fig"}A). Immunochemistry conducted to localize the RAGE confirmed expression in the epithelium (principally apical localization), weak expression in the stroma, and expression by the HCE cell model ([Fig. 2](#fig2){ref-type="fig"}B, left panel). Western blots of HCE cells confirmed the expected size of the RAGE protein ([Fig. 2](#fig2){ref-type="fig"}B, right panel).

![Functionality of the RAGE pathway. Characterization of the RAGE (**A**) mRNA and (**B**) protein expression in human cornea, primary human epithelial cells (mRNA only), and the HCE cell line (mRNA and protein) evaluated by (**A**) RT-PCR, (**B**) immunofluorescence, and (**B**) western blotting. For RT-PCR, negative controls (NC) were performed (**A**) without cDNA. (**B**, left panel) Representative images of RAGE expression (*green*) in human corneas (top panel) and HCE cells (bottom panel). Nuclei were stained with Hoechst (*blue*); NC (left) were obtained by incubating HCE cells without primary antibody. (**B**, right panel) Western blot experiments identified the RAGE protein at the described molecular weight (46 kDa). (**C**) Functionality of the NF-κB pathway (by luciferase reporter gene activity) was measured after treatment of HCE cells with AGEs (100 µg/mL) for 45 minutes (n = 5 experiments, each conducted in duplicate) (right panel). Positive controls (T+) were obtained by co-transfection with pMEKK (n = 5 experiments, each conducted in duplicate) (left panel). Each bar graph shows mean ± SEM. Mann-Whitney; \**P* \< 0.05.](iovs-61-3-14-f002){#fig2}

Based on previously reported results, the activation of the NF-κB signaling pathway is of primary importance for the cellular action of the RAGE receptor.[@bib22]^,^[@bib23]^,^[@bib35]^--^[@bib37] We used an NF-κB reporter gene assay to confirm the functionality of this system by transfection of a pMEKK positive control,[@bib38] and we demonstrated an increase in luciferase activity by a factor 2.38 after 45 minutes ([Fig. 2](#fig2){ref-type="fig"}C, left panel). A treatment with AGEs, at the same concentration used for the scratch assay (100 µg/mL), resulted in a significant increase in luciferase activity by a factor 1.46 ([Fig. 2](#fig2){ref-type="fig"}C, right panel) after 45 minutes.

AGEs are Involved in Pro-healing Properties in the HCE Cell Line by Promoting Migration Independently of Invasion and Proliferation {#sec3-3}
-----------------------------------------------------------------------------------------------------------------------------------

Cell invasion, migration, and proliferation are classic events associated with corneal reepithelialization during wound healing. We investigated if AGEs affected one (or several) of these cellular processes by conducting experiments during scratch assays promoted by AGEs (100 µg/mL). No significant difference was found in cell invasion ([Fig. 3](#fig3){ref-type="fig"}A, left panel top and bottom) or cell proliferation ([Fig. 3](#fig3){ref-type="fig"}B, right panel top and bottom) until 36 hours, when compared with the untreated condition. Thus, scratch closure is principally from the promotion of cell migration by AGEs treatment, as illustrated previously ([Fig 1](#fig1){ref-type="fig"}C).

![AGEs treatment positively influenced the pro-healing properties independently of cell invasion and proliferation. Cell invasion and proliferation assays were performed 36 hours after scratch wounding. The percentages of (**A**) invasion and (**B**) proliferation were expressed as ratios of cells treated with AGEs (100 µg/mL) to untreated cells (100%) (top panel) (n = 5 experiments, each conducted in triplicate for invasion and duplicate for proliferation). Representative images of noninvasive cells and BrdU labeling proliferative cells are shown in the bottom panel. Each bar graph shows mean ± SEM. Mann-Whitney; ns: not significant.](iovs-61-3-14-f003){#fig3}

Expression of Cx43, a Target Gene of the RAGE Pathway, is Increased in the Initial Stages of Wound Healing {#sec3-4}
----------------------------------------------------------------------------------------------------------

Cx43 is a well-known target gene of the RAGE pathway, and its expression is described as being modulated during wound healing.[@bib39]^--^[@bib51] We first checked and confirmed the basal expression of the Cx43 protein in the human cornea epithelium and in the HCE cell model ([Fig. 4](#fig4){ref-type="fig"}A). We then demonstrated that its expression was unchanged by scratch wounding in the absence of a RAGE ligand ([Fig. 4](#fig4){ref-type="fig"}B). Treatment with AGEs (100 µg/mL) increased the Cx43 mRNA expression (by 1.5 without scratching and by 3.03 with scratching) at 6 hours, but this increase was partially lost at 24 hours ([Fig. 4](#fig4){ref-type="fig"}C, left and right panels). Finally, the direct involvement of the RAGE pathway in Cx43 induction by AGEs (100 µg/mL) was confirmed by transfection with siRNA against RAGE. After 36 hours of RAGE siRNA transfection and 6 hours of AGEs treatment, no induction of Cx43 mRNA expression was observed ([Fig. 4](#fig4){ref-type="fig"}C, left panel). Thus, this increase in response to AGEs treatment was confirmed at the protein level by western blot (Cx43 protein levels increased by 2.66 at 12 hours), whereas no induction was noted in the nontreated control condition (in scratch experiments) ([Fig. 4](#fig4){ref-type="fig"}D, top and bottom panels). All inductions of protein levels were lost after 24 hours. Results obtained by immunofluorescence demonstrated a time dependent modification of Cx43 protein localization in untreated HCE cells after a wound. Indeed, the initial intracellular staining (t0) with a strong presence in the nucleus became predominant at the cell membrane after 12 hours of culture (t12) ([Fig. 4](#fig4){ref-type="fig"}E) (see panel e vs. k). Furthermore, the Cx43 protein distribution was different regarding the distance from the wound (border or internal) (see panel h vs. k). In this case and as expected, the Cx43 protein was less detectable near the wound margins but still present below this frontier (see panel h vs. k). After AGEs treatment (100 µg/mL), Cx43 protein expression near the wound margins seemed to be up-regulated compared with the untreated condition (see panel h vs. n) but followed the same distribution between scratch border and internal cells (see panel n vs. q).

![Cx43 expression is induced by the AGEs/RAGE axis in HCE cells. Characterization of Cx43 protein expression (*arrow*) by immunostaining (bottom panel). Cells incubated without primary antibody served as a negative control (NC). (**B**) Relative quantification of Cx43 mRNA expression in untreated HCE cells 0, 6, and 24 hours after scratch wounding. Results were expressed as a ratio of the 0-hour condition (n = 5 experiments, each conducted in duplicate). (**C**) Quantification of Cx43 mRNA expression in HCE cells treated with AGEs (100 µg/mL) for 6 hours or 24 hours without scratch wounding (left panel) or with scratch wounding (right panel). Cells not treated with AGEs served as a control. Results were expressed as a ratio of the untreated condition at each time point (n = 5 experiments, each conducted in duplicate). (Left panel) Quantification of Cx43 mRNA expression in HCE cells transiently transfected with siRNA against RAGE (siRNA RAGE) (100 nM) for 36 hours and then treated with AGEs (100 µg/mL) for 6 hours. Results were expressed as a ratio of the scrambled siRNA condition (n = 5 experiments, each conducted in duplicate). Each bar graph shows mean ± SEM. Mann-Whitney after a nonparametric ANOVA analysis; \**P* \< 0.05; ns: not significant. (**D**) Relative quantification of Cx43 protein expression in HCE cells following treatment with AGEs (100 µg/mL) after scratch wounding. Untreated cells served as a control. Results were expressed as a ratio of the 0-hour, unwounded condition (n = 5 experiments) (top panel). Quantification of Cx43 protein expression in HCE cells treated with AGEs (100 µg/mL) for 12 and 24 hours after scratch wounding (bottom panel). Results were expressed as a ratio of the untreated condition at each time point (n = 5 experiments, each conducted in duplicate) (\*\**P* \< 0.01). **(E)** Characterization by immunostaining of Cx43 protein expression according to the distance from the wound, time, and treatment with AGEs (100 µg/mL). Staining of Cx43 protein expression in HCE cells treated near the wound margins (left panel) and behind the wound (right panel). Cells not treated with AGEs (100 µg/mL) served as a control. Cells incubated without primary antibody served as a negative control (NC).](iovs-61-3-14-f004){#fig4}

Discussion {#sec4}
==========

Recovering optimal visual acuity after an injury or trauma (caused, for example, by exposure to harmful chemicals) depends mainly on corneal wound healing. This corneal phenomenon is very complex and involves an intricate dialogue between different cell types (fibroblasts and endothelial and epithelial cells) and many molecular mechanisms.[@bib52] In our present study, we examined classical HCE epithelial cells and used an in vitro scratch wounding assay. We tested the ability of the HCE cells to recover from wounding following activation of the RAGE receptor by two major ligands, called "alarmins": HMGB1 and AGEs. HMGB1 (a chromatin-associated protein) has recently been demonstrated to undergo relocation to the cytoplasm and is released in stress conditions by corneal epithelial cells. However, the influence of released HMGB1 on human corneal fibroblasts is still unclear, probably due to the lack of TLR2 and TLR4 functional receptors at the plasma membranes of these cells, whereas their expression is evident as mRNA.[@bib53]^,^[@bib54] In addition to the TLR2 and TLR4 receptors, the RAGE receptor is also an HMGB1 receptor, and involvement of this ligand in the healing process has been previously described.[@bib24]^--^[@bib29] The HMGB1 ligand contains three cysteine residues and can, therefore, exist in different isoforms: fully oxidized, disulfide, and thiol (fully reduced). These different forms apparently influence its biological activity, as the oxidized form is encountered in noninflammatory states, whereas the thiol HMGB1 isoform is the principal one associated with chronic inflammation.[@bib34] Furthermore, this reduced form has chemoattractant activity, and some studies have confirmed its involvement in wound healing.[@bib27]^--^[@bib29] In the present study, we confirmed RAGE expression in the membrane of HCE cells, and then we tested two forms of HMGB1: one composed of the mixture of oxidized, disulfide, and reduced forms classically used in previous published experiments and the other consisting exclusively of a stable and blocked reduced form. Neither form of HMGB1 had any effect on wound healing, in agreement with previous findings by Nass et al., who found no effect of HMGB1 on wound healing in ex vivo mice corneas and who also demonstrated the necessity of the RAGE receptor in the wound healing response.[@bib17] We focused on other RAGE ligands involved in corneal wound healing and conducted similar experiments with AGEs ligands to test their influence on wound healing in our in vitro models. Our AGEs dose-dependency tests confirmed that only a concentration of 100 µg/mL induced wound healing in HCE cells. This result was somewhat surprising, as most previous publications dealt with diabetes (which is associated with AGEs accumulation and chronic presence), and treatments with "homemade AGEs" typically impaired wound healing.[@bib55]^--^[@bib57] Nevertheless, and concomitant with our dose-dependent strategy, we found that a low dose of AGEs (under 100 µg/mL) could promote wound healing when used in an acute exposure manner, compared to higher doses, such as 200 µg/mL, classically used in previous publications. In addition, we also considered that AGEs production was acute during corneal injury (as realized with our model), whereas it would be chronic during diabetes; this difference could potentially modulate the cellular effects of the same regulatory molecule, with potential modifications of RAGE membrane localization or alternative splicing forms expression.

We also showed that the wound repair signaling passed through the RAGE receptor, first by the use of siRNA against the RAGE and second by demonstrating the activation of the NF-κB pathway using a reporter gene approach. However, the influence of the AGEs/RAGE couple on wound healing was not a consequence of changes in cell invasion or proliferation but more of changes in cell migration. To confirm the activation of the RAGE pathways in our model, we focused on an already demonstrated target gene of this pathway, the Cx43 gene.[@bib51] As genes involved in cell--cell junctions, members of the connexin family seem to be good targets for these experiments. Six connexin subunits oligomerize to form a structure called a connexon that is trafficked to and inserted into the plasma membrane.[@bib58] The association of two hemichannels from neighboring cells forms an intercellular gap junction that allows direct intracellular communication through the exchange of small molecules (\<1000 Da), including ions, metabolites, and second messengers.[@bib58]^,^[@bib59] Gap junctions play important roles in migration, proliferation, differentiation, and inflammation, and connexin family members are of major importance during wound healing.[@bib60] The expression of the Cx43 protein has been extensively studied with respect to the normal cornea and regarding wound healing.[@bib61]^--^[@bib63] In our study, we first confirmed the expression of Cx43 in human cornea (principally in the epithelium) and in HCE cells. We then showed that in the absence of the RAGE ligand, Cx43 expression is still stable 6 hours after scratch wounding, but it is present at a lower level in the scratch wounded condition than in the control unwounded condition. As expected, a 6-hour treatment with AGEs led to an increase in Cx43 expression in our HCE cell scratch wounding model, but this increase did not occur in the presence of siRNA directed against the RAGE. This induction is also present without scratch wounding but to a lesser extent. This molecular induction level reverts to the nontreated level after 24 hours to permit the subsequent steps of wound healing, including cell migration, invasion, and proliferation. Similar results were obtained at the protein level in the scratch wounded condition, with or without AGEs treatment (after 12 hours) and over time (i.e., the response decreased at 24 hours). Taken together, our data for Cx43 expression indicated that the RAGE pathway is activated by AGEs and that the geographical localization of this protein during the scratch must be considered as potentially important to stabilize the cells situated behind the wound. Nevertheless, and specifically concerning the action of Cx43 in wound healing, it could remain controversial because previous publications show either a positive or a negative action of intercellular gap junction proteins in the wound healing process (a variation that could also reflect differences in the cell types examined).[@bib39]^--^[@bib50]^,^[@bib61] Despite all this, our data clearly indicate that the "RAGE-Cx43" couple is alarmin-dependent and associated with a positive action for the initial steps of healing of an acute injury to the corneal epithelium.
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